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1.0 Introduction

The goal of this project was to design, test and verify advanced processes using

lasers for the growth of nitride semiconductor materials. Papers have been published on:

a: Pulsed laser deposition of silicon nitride. Proceedings of the Materials

Research Society, 285 (1993) 331.

b: Rapid growth of AIN thin films by pulsed laser deposition. Applied Physics

Letters 60 (1992) 2234.

c: Wavelength dependence of the deposition of Al (and by implication Al in any

compound semiconductor such as AIN). Journal of Crystal Growth, (1993) in

proof.

In addition this work has resulted in a Master Thesis in Electrical Engineering:

Pulsed Laser Deposition of Aluminum Nitride and Silicon Nitride Thin Films. Xiangqun Xu,

Howard University, May 1993.

Moreover, work has been done on:

d. Pulsed laser deposition combined with remote plasma nitration, which

substantially increases the amount of nitrogen in the binary semiconductors.

In particular, we are continuing to work on item d, which is the most promising

process of those we have investigated for growth of nitrides thin film.

2.0 Pulsed Laser Deposition of Silicon Nitride

Silicon nitride thin films are used as dielectric materials and for functional memory

layers in microelectronic and optoelectronic devices [2.1-5]. The standard methods for

deposition are CVD [2.11, plasma enhanced CVD [2.2] and direct thermal nitration f2.31. We
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have grown silicon nitride thin films by PLD and by remote plasma enhanced PLD. These

methods have the advantage of exposing the substrate to a less hostile environment than the

other methods. For example CVD requires temperatures above 600 C, while plasma

enhanced CVD operates at lower thermal temperatures (300 C) but places the substrate in

an environment filled with high energy ions and electrons.

2.1 PLD of Silicon Nitride from Si3N4 Powder

2.1.1 Methodology

A 13mm diameter target pellet was prepared from electronic grade Si3N4 powder

obtained from Johnson and Mathey using a 2.5 ton/cm 2 hydraulic press. The pellet was

placed in a high vacuum system. parallel to the substrate and at 450 to the laser beam.

Films were grown on Si (100) wafers, KBr and Supracil quartz plates. We used light from

both 248 nm KrF and 193 rim ArF lasers with a 20 ns pulse width focussed on the powder

tablet with a 160 mm focal length lens. In general, this soft focus, produced a better film

than using a tight focus. The fluence at the target we between 1 and 6 J/cm2 . The substrate

was mounted on a stage which could be heated to over 300 C. The vacuum chamber was

evacuated by a 4"- diffusion pump and a liquid nitrogen trap stopped backstreaming. Films

were characterized by Auger, IR and UV spectroscopy, as well optical microscopy. Film

thickness was measured by a depth profilometer.

2.1.2 Growth rate and film stoichiometry

Auger spectroscopy was used to determine the Si/N ratio in the deposited films as a

function of substrate temperature. The films were found to be hydrogen free. Maintaining a

relatively high vacuum (> 10-4 Torr) is necessary to eliminate oxygen contamination. The

results are shown in Figure 2.1. As can be seen the stoichilmetric quality of the film

improves as the tempexklwre of the substrate is raised.

Wi=0
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Figure 2.2 shows a study of film thickness vs. substrate temperature after 18,000 shots

at a fluence of 6J/cm2. Growth rates as high as 0.2 nm/pulse could be obtained. This is

extremely rapid as compared to other methods for growth of silicon nitride films. Figure 2.1

and 2.2 indicate that there may be a rate competition, between the deposition process and a

heterogeneous process on the film in which physically absorbed or Si atoms with dangling

bonds are removed from the surface. The increase in the N/Si ratio as the overall film

growth rate decreases point to such a mechanism. We expect that the deposition rate is

constant with resepect to substrate temperature since it is controlled by the laser desorption

process, remote from the substrate while the desorption rate should increase with the

temperature of the substrate.

Under these assumptions we can cstimate the.activation energy of the second

process as the equivalent of about 100 cm-1 from the observed decrease in the growth rate.

This is a reasonable value for a physically absorbed species. As a consequence, since even

at room temperature, an average of 200 cm- 1 is available, we might be able to improve the

N/Si ratio simply by decreasing the laser pulse rate, providing additional time for pysically

adsorbed Si atoms to desorb. Another method of accomplishing the same end would be to

illuminate the growing thin film with a small portion of the excimer laser beam (6.2 eV

photons), or preferably with another laser, such as a doubled Nd-YAG laser (532 nm) where

the photons would only have enough energy to break weaker bonds.

We further verified the chemical composition of the thin films by growing a film on a

KBr substrate. While films grown at room temperature showed absorption in the Si-O2

antistretching mode region, as seen in Figure 2.3, films grown at higher temperatures clearly

showed a shift to the 830 to 850 cm- 1 region, characteristic of Si-N stretching modes.

We also measured the band gap of the SiN thin films by measuring the UV spectrum

of films grown on Suprasil quartz substrates. Since the absorption coefficient az is given by
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(2.1) ox = [hV - Eg]1/ 2 hv

the energy gap, Eg, can be obtained by linear regression of (hvct) 2 vs hv as is shown in

Figure 2.4. For a SiN0.33 film the band gap is 5.60 eV. The non-linear behavior in the low

energy region is due to scattering of the light by the surface. This is smaller than the 6.49

eV obtained by calculation [2.6] and is most likely due to the non-stoichiometric, silicon

rich, nature of the film. The extra silicon also produces a subgap shoulder, which for

amorphous silicon has been ascribed to dangling bonds (trivalent silicon atoms), however,

this absorption is two orders of magnitude higher for the silicon nitride films [2.7 ].

Under a microscope, the films appeared smooth over a I to 4 cm 2 area. The

splashing effect, characteristic of PLD was also seen, although one could eliminate this by

velocity filtering, or overlapping of multiple focal sites on the target. There is a small

velocity filtering effect caused by the geometric alaignment of the apparatus. Material

projected at tr /2 to the laser beam (along the direction of the plasma plume) is the most

energetic and the highest velocity material. This is also the direction of the maximum

material flux flow. The high energy is a result of plasma heating by the trailing edge of the

laser pulse. Obversely, material ejected at 0 or it to the surface will be the slowest.

Although the flux may be low in this direction, collisions with the thin film substrate will be

relatively low energy and may be effective.

2.2. PLD of Silicon Nitride with Remote Plasma Nitration

While experience with other ceramic materials might lead one to believe that the

target stoichiometry will be preserved during PLD, our experience with the nitrides and other

work [2.81 has shown otherwise. The usual model is that the heating and cooling of the laser

produced plasma takes place over times that are short compared to thermal diffusion and

that the individual components cannot segregate.
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There are two possible causes for the nitrogen poor nature of our films. First. N atom

recombination in the plasma may be significant. The over 12 eV bond strength of diatomic

nitrogen, would allow formation of molecules by third body recombination even in a very hot

plasma. The stable nitrogen molecules would then be unavailable for film formation,

resulting in nitrogen poor films. Second, N atoms may have a low sticking coefficient on

the substrate due to either physical or chemical processes.

In either case, it should be possible to increase the N atom content of the films by

providing an additional N atom source. The most straightforward method is to set up a

remote plasma (microwave) discharge in nitrogen. Figure 2.5 shows how this was done. As

a proof of concept a pure silicon wafer was used as the PLD target. Samples were grown

with nitrogen gas pressures ranging from 80 to 400 mTorr and using microwave powers

between 50 and 100 Watts. The discharge was excited in a 12 mm diameter glass tube

surrounded by a tuned Evanson cavity. The tube was connected with our 6" cross growth

chamDer. Experience showed that the tube should be kept as short as possible to limit

recombination. Substrate temperatures were varied between 200 and 450 C.

Figure 2.6 is an Auger survey of a deposited film, showing a significant N atom

content from the remote plasma. We have also been able to increase the N atom content of

films grown from SiN tablets. The 0 atom inclusion, is due either to residual oxygen in the

chamber or (more likely) to a minescule oxygen molecule content of the nitrogen gas

(99.999% nitrogen gas was used). Ammonia might prove better as a feed gas for this

process, although hydrogen inclusion is not to be excluded in that case. Moreover, die

ammonia itself, NH and NH2 radicals and H atoms produced in such a discharge are

reducing species, which would probably eliminate any oxidation of the thin films.
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3. Pulsed Laser Deposition of AIN Thin Films

AIN films were grown by laser ablation of AIN powder. The band gap of the smooth

films was 6.15 eV. The IR spectrum is characteristic of AIN. The rapid growth rates could

exceed 70 nm/min.

Because of its desirable properties many methods have been tried to produce AIN

thin films. These include reactive ion-beam sputtering 13.1,2], remote plasma deposition

[3.3], rf sputtering [3.4,5], and organometallic chemical vapor deposition[3.6-81 . Among the

disadvantages of these methods is that they can cause thermal or plasma damage to the

substrate or substrate-film interface. !-aser-induced chemical vapor deposition (LI-CVD)

avoids this problem and can operate at substrate temperatures between 170°C and 200"C

[3.9]. Another promising technique is for growing AIN at low temperatures is reactive

molecular-beam epitaxy [3.101.

The method that we used was laser ablation, which has been used to grow many

different types of epitaxial films and has had good success with ceramic materials. Ablation

from AIN substrate targets had previously been used to grow AIN thin films on sapphire

substrates heated to 670 and 500 °C [3.11]. In the last decade there have been many

experimental and theoretical investigations of laser ablation [3.121. It appears to be the only

method that can transfer complex monolayer structures from ceramic targets onto substrates

[3.13,14] and is well suited to the growth of AIN films. Heteroatom impurities are not a

problem as they are in as CVD, especially where organometallic starting materials are used.

Most importantly the ablation growth rate is rapid (73 nm/min).

High purity AIN powder was hydraulically compressed into a tablet. The tablet was

placed opposite a quartz window and oriented at 90° to the laser beam. Films were grown

on KBr, Suprasil quartz, glass, and GaAs substrates by 248 nm (KrF) or 193 nm (ArF)
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excimer laser beams. The laser was softly focussed by a 160 mm focal length lens so that

the beam cross-section at the pellet was greater than 4 mm2 . A tightly focussed beam has

such a high intensity that it breaks the substrate and ejects small particles.

The growth rates depends on the distance between the ablation point and the

substrate. To produce uniform films over 0.5 cm2 the separation had to be greater than 2 cm.

The bes, results were obtained when the substrate was located 3 cm from the focal point.

Table 3.1 gives the growth rate as a function of 193 nm laser fluence. The nonlinear

increase of growth rate with the laser fluence, implies that the ablation is a multiphoton

processes which agrees with other results. It indicates that plasma heating (which would be

linear) is not as important as the plasma formation process. At fluences above 4 J/cm 2 a I

.tm film could be grown within 10 minutes compared to rf sputtering (4 - 5 nm/min) [3.41 and

remote plasma deposition (4 nm/min) [3.3].

TABLE 3.1

Ablation Film Growth Rates

Laser fluence (J/cm2) 0.3 0.8 2.2

Growth rate (nm/min) 4.0 12.0 72.5

Films were smooth under 1000 X magnification when grown under the best

conditions, but "platelets" and non-uniform growth were observed when the pellet was

placed close to the focus. Figure 3.1 shows the IR spectrum of a film grown on KBr. The

band between 500 and 900 cm-1 is due to three phonon modes of AIN: LO at 737 cm"1, TO1

at 665 cm"1 and TO2 at 630 cm" 1 15. The strong absorption indicates that the composition of

the film is mainly AIN. Weak peaks are due to water (3300 cm-1 and 1550 cm I), CO2

(2350 cm" I ) in the spectrometer path and are not from the sample. No other peaks were
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observed. The absence of any A1-O absorption at 460 cm-1 is especially important because

the oxygen content of the powder was approximately 1% AI2 0 3 [3.17]. Since AI-O bonds

are below the detection limit, the deposition rate for AIN must be faster than that for A12 0 3.

The UV spectrum of an AIN film grown on Suprasil quartz is shown in Figure 3.2.

Scattered light is a problem in the UV. A corrected spectrum is plotted in Figure 3.3. The

measured AIN band gap E is 6.15 eV, which agrees well with that of crystalline AIN (6.2

eV) [3.7,81. The slow rise above 6 eV is due to either diffuse scattering, sub-bandgap

absorptions, or an impurity.

The resistivity of the films was measured for a 1 ptm thick film on GaAs substrate.

Given the low resistivity of the substrate only a lower limit of 109 Ohms/cm for the AIN film

could be set, indicating that the film was not conductive aluminum.

An Auger spectrum depth profile was obtained for an AIN film grown by laser

ablation. The major constituents were Al and N, with no observable 0 atom inclusion.

Some C atoms were seen on the surface, which were attributed to handling of the sample.

We have demonstrated that the optical properties of AIN films grown by UV laser

ablation are equivalent to those of AIN films grown by other methods. Laser ablation growth

rates are extremely rapid. The laser ablation method holds excellent promise for the

development of AIN films for electronics. In addition to the need for single crystal material

for devices, polycrystalline AIN is used for insulating layers, heat sink and for the

fabrication of thin film resisters. Laser ablation growth at low temperature is well suited to

such applications.

4. Laser Induced CVD Processes Using Trimethyl Aluminum

Trimethylaluminum (TMA) is an important precursor for CVD deposition of

aluminum and GaAlAs. Laser induced CVD [1-4] allows growth at lower substrate



temperatures and limits heteroatom interdiffusion [5-7J. Beuermann and Stuke showed that

the primary photochemical process is methyl radical detachment [3]. Aluminum atoms are

formed from the dimethyl aluminum.

At room temperature, gaseous TMA is a dimer. The monomer only becomes the

majority species near 100 oC [8,9]. Figure 4.1 shows the absorption spectrum at 25 and 125

oC. The monomer has a strong absorption at short wavelengths and a weak, long

wavelength absorption while the dimer does not absorb above 220 nm. Previous LICVD

studies of TMA were done at room temperature, therefore, the photochemical reaction must

have involved dimers and not monomers. Aluminum deposition from these two species have

not been differentiated. While this should make little practical difference for pyrolysis, at

least where the molecules striking the surface have been heated so that they are all

monomers, the distinction is important for LICVD.

In the dimer two methyl groups are shared between the aluminum atoms forming

bridges in a lozenge like structure. Monomer absorption above 210 nm is e' to a2 " or a2 ' to

a2 " [10]. These types of transitions are weak. There is no equivalent absorption band in the

dimer. Both the dimer and the monomer have strong Rydberg bands at 193 nm. Deposition

from dimers should always be less efficient because of the necessity of breaking the two

additional Al-C bonds.

We grew aluminum films from TMA between 20 *C and 150 °C using KrF (248 nm)

and ArF (193 nm) lasers. Auger analysis showed that the films were all esentially pure

aluminum, with only minor oxygen and carbon contamination. Figure 4.2 shows the

thickness of aluminum films grown by 248 nm LICVD as a function of substrate

temperature. The partial pressure of the TMA was I torr. The ordinate on the right side of

the figure gives the mole fraction of monomer present at various pressures.
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The 193 nm laser quickly deposited aluminum on the inside surface of the cell

window, attenuating the laser light before it reached the substrate. Even when hydrogen was

injected near the window aluminum growth on the substrate by 193 nm light was small and

the reproducibility was poor because of light absorption between the window and the

substrate.

TABLE 4.1

Relative Quantum Yields of Al Films Grown by LICVD

Wavelength State Temperature Depostion cr Relative
Rate Quantunm

Yield

(nm) (nmC) (rn/min) 10-18 molec-cm2

193 Monomer 120+2 1200 31.0 1.00

Dimer 25 + 2 260 20.0 0.34

248 Monomer 120+2 110 0.8 3.50

Dimer 25+2 - 0.1 <0.50

To compare growth of the monomer and dimer at 193 and 248 nm films were grown

on the inside surface of the vacuum cell window which could be heated. The results are

summarized in Table 4.1. Yields were normalized to the number of absorbed photons. The

relative quantum yield refers to the film thickness for an equivalent number of laser shots at

5 mJ/cm 2 -pulse and 10 Hz. The yield for 193 monomer is arbitrarily taken as the reference.

Al deposited on the window attenuates the light and the deposition rate depends on the

amount of aluminum that was previously deposited. To control for this the film in all runs

was grown to about 0.3 gtm. This would lead to an underestimate the efficiency under the

most efficient growth conditions. Growth from dimers is less efficient at 193 and 248 nm.
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At 248 nm, the film grown from dimers was too thin to measure with the profilemeter.

Growth from the moitomer at 248 is 3.5 times as efficient as that at 193 nm.

The fraction of monomer depends on the temperature and the partial pressure of TMA

in the cell. The TMA partial pressure was about 1 Torr. Only the TMA near the substrate

was warmed by the heater, thus only the molecules near the substrate were monomers.

Figures 4.2 shows that 248 nm deposition correlates with the mole fraction of monomer near

the substrate. Accounting for the mole fractions of monomers and dimers at 20'C and 150'C

and the absorption coefficient of both species at 248 nm, one would expect an 8 to 1 ratio in

the efficiency of aluminum film growth. The actual ratio is at least 15 to 1, where the

growth from dimers is an upper limit. Thus, even on a per molecule of TMA, per photon

absorbed basis deposition from the monomer is at least twice as efficient as that from the

dimer. The experiments summarized in Table 4.2 decrease the lower limit to this efficiency

ratio to 7:1 on the same basis.

Beuermann and Stuke [3] suggested the following mechanisms for monomer

photolysis in the UV region (190 - 300 nm):

AI(CH 3) 3 + hv ---- > AI(CH3 )2 + CH3  (A),

AI(C- 3 )2  ---- >A + C2H6  (B),

AI(CH 3 )3 + hv ---- > AICH 3 + 2CH 3  (C),

where A1(CH 3 )2 is metastable. Process (C) dominates below 210 nm and process (A)

followed by process (B) dominates above 230 nm. Aluminum atoms are produced by single

photon photolysis of monomers at 248 nm. Motooka et al. [4. 11 showed that the first step in

dimer photolysis is separation into monomers. Therefore, dimer photolysis cannot be as

effective as monomer photolysis, because it requires absorption of an additional photon to

produce an aluminum atom.
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Laser heating of the substrate is unimportant. The quartz substrate is transparent at

193 and 248 nm. The aluminum films should reflect the laser light. Little energy should be

deposited into the substrate or film to produce heating and no heating was measured

Moreover, if laser heating were important similar results should be seen at 193 and 248 nm.

The temperature dependence shows that surface reactions are not controlling. The coverage

of physisorbed TMA decreases with increasing temperature. If surface reactions were rate

limiting the deposition rate would do the same. Surface reactions may play a role, but the

controlling process is the homogeneous gas phase photolysis.

In light activated CVD processes typically, much of the incident light does not reach

the region near the substrate but is absorbed by molecules lying between the substrate and

the window. In the method discussed here, the substrate was heated to 130'C and

illuminated with 248 nm light. Because TMA is almost completely dimerized except near

the substrate, the 248 nm light was not absorbed in the middle of the cell and there was no

coating of the entrance window. Only the monomeric TMA near the heated substrate

absorbed 248 nm light and aluminum atoms were produced only near the substrate, where

they effectively formed a film. Furthermore, the yield of aluminum per 248 nm photon

absorbed by the monomer is substantially higher than that from the dimer and higher than

that formed from the monomer at 193 nm. Thus 248 nm photolysis of TMA near a warm

substrate is a superior LICVD method for aluminum film growth at relatively low

temperatures (100 *C < T <150 *C).

5.0 References

2.1. S.L. Ahang, J.T. Wang, W. Kaplan and M. Ostling, Thin Solid Films, 213 (1992) 182.

2.2. C.H. Ling, C.Y. Kwok and K. Prasad, J. Vac. Sci. Technol. A., 5 (1987) 1874.

2.3. T. Ito, S. Hijiya, T. Nozaki, H. Arakawa, M. Shinoda and Y. Fukukawa, J.

Electrochem. Soc., 125 (1978) 448.



24

2.4. S. Yokoyama, N. Kajihara, M. Hirose, Y. Osaka, T. Yoshihara and H. Abe, J. Appl.

Phys., 51 (1980) 5470.

2.5. J.C. Barbour, H.J.Stein, O.A.Popov, M. Yoder and C.A. Outten, J. Vac. Sci. Technol.

A, 9 (1991) 480.

2.6. V.I. Belyi, et al., SiliconNitride in Electronics (Elsevier Science Publishers, 1988)

p 154.

2.7. A. Iqbal, W.B. Jackson, C.C. Tsai, J.W. Allen and C.W. Bates, Jr., J. Appl. Phys., 61

(1987) 2947.

2.8. J.T. Cheung and H. Sankus, CRC Critical Reviews in Solid State and Materials

Sciences 15 (1988) 63.

3.1. U. Mazur and A.C. Cleary, J. Phys. Chem. 94, (1990)189.

3.2. E.I. Meletis and S. Yan, J. Vac. Sci. Technol. A9, (1991) 2279

3.3. H. Nomura, S. Meikle. Y. Nakanishi, and Y. Hatanaka, J. Appl. Phys., 69, (1991) 990.

3.4. W. Dehuang, G. Liang, Z. Suzhen, Z. Xia, and Y. Jinzhong, Thin Solid Film, 187,

(1990)127.

3.5. K. Kubota, Y. Kobayashi, and K. Fujimoto, J. Appl. Phys., 66, (1989) 2984.

3.6. M. Morita, S. Isogai, N. Shimizu, K. Tsubouchi, N. Mikoshiba, Jpn. J. Appl. Phys., 20,

(1981) L173.

3.7. M. Morita, K. Tsubouchi, and N. Mikoshiba, Jpn. J. Appl. Phys., 21, (1982)102.

3.8. W.M. Yim, E.J. Stofko, P.J. Zanzucchi, J.I. Pankove, M. Ettenberg, and S.L. Gilbert, J.

Appl. Phys., 44, (1973).292.

3.9. X. Li and T.L. Tansley, J. Appl. Phys., 68, (1990) 5369.

3.10. H.-U. Baier and W. M6nch, J. Appl. Phys., 68, (1990) 586.

3.11. M.G. Norton, P.G. Kotula and C.B. Carter, J. Appl. Phys.70, (1991) 2871.

3.12. B. Fain and S.H. Lin (and references therein), J. Chem. Phys., 91, (1989) 2726.

3.13. R.B. Laibowitz, R.H. Kock, P. Chaudharri. and R.J.Gambino, Phys. Rev., B35,

(1987) 8821.



25

3.14. A. Cohen, P. Allenspacher, M.M. Brieger, I. Jeuck, and H. Opower, Appl. Phys. Lett., 59,

(1991) 2186.

3.15. A.T. Collins, E.C. Lighthouse, and P.J. Dean, Phys. Rev. 158, (1967)833.

3.16. H. Demiryont, L.R. Thompson, and G.L. Collins, J. Appl. Phys. 59, (1986) 3235.

3.17. N. Kuramoto, H. Taniguchi, and I. Aso, Proc. 36th Electron Compon. Conf., (Institute

of Electrical and Electronic Engineers, Inc., New York, 198 4 )p. 424.

3.18. J.I. Pankove, Optical Processes in Semiconductors (Dover, New York, 1975).

4.1. T.Motooka, S.Gorbatkin, D.Lubben, and J.E.Greene, J. Appl. Phys., 58 (1985) 4394.

4.2. G.S.Hipashi, J.Chem.Phys., 88 (1988) 422.

4.3. Th. Beuermann and M. Stuke, Chem. Phys. Lett., 178 (1991) 197.

4.4. S.A. Mitchell and P.A. Hackett, J. Chem. Phys., 79 (1983) 4815, Chem. Phys. Leat.,

107 (1984) 508.

4.5. D.J. Ehrlich, R.H. Osgood,Jr., and T.F. Deutsch, IEEE J. Quantum Elet,,ao., 6 (1980)

1233.

4.6. D.J. Ehrlich and J.Y. Tsao, J. Vac. Sci. Technol., B1, (1983) 969.

4.7. R.M. Osgood and T.F. Deutsch, Science 227 (1985) 709.

4.8. A.M. Laubeugayer and W.F. Gillian, J. Am. Chem. Soc., 63 (1941) 477.

4.9. M.B. Smith, J. Or ganometal. Chem,. 46 (1972) 31.

4.10. H. Okabe, M.K. Emadi-Babaki and V.R. McCrary, J. Appl. Phys., 69 (1991) 1730.

4.11. A. Amirav, A. Penner and R. Bersohn, J. Chem. Phys., 90 (1989) 5232.

6.0 Written Publications

"Laser induced chemical vapor deposition of aluminum from trimethylaluminum:

wavelength and temperature dependence", K. Seki, J.M. Frye, H. Okabe and J.B. Halpern.

To be published in the Journal of Crystal Growth (in proof).



"Room temperature growth of AIN thin films by laser ablation", K. Seki, X. Xu, H. Okabe,

J.M. Frye and J.B. Halpern. Applied Physics Letters, 60 (1992) 2234.

"Pulsed laser desorption of thin silicon nitride films", X. Xu, K. Seki, N. Chen, H. Okabe and

J.B. Halpern. Materials Research Society Proceedings, 285 (1993) 331.

7.0 Professional Personnel

Dr. Joshua B. Halpern Ph.D. (Physics), June 1972, Brown University

Dr. Joan M. Frye Ph.D. (Chemistry), June 1985, University of Chicago

Dr. Hideo Okabe Ph.D. (Chemistry), June 1955, University of Rochester

Dr. Kanekazu Seki Ph.D. (Chemistry), June 1986, University of Tokyo

8.0 New Discoveries and Inventions

1. Photoablative growth of AIN films from AIN powders at low temperature.

2 Photoablative growth of SiN films from SiN powders at low temperature.

3. New process for laser induced chemical vapor deposition of Al or aluminum

containing films from trimetylaluminum.
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Excimer laser ablation of compressed AIN powder has been used to grow thin AIN films at room
temperature on a variety of substrates. The films have a band gap of 6.15 eV as measured by UV
absorption. Examination with a scanning electron microscope and an optical microscope shows
that the films are smooth. The IR spectrum has an absorption characteristic of AIN. Growth
rates are extremely rapid, exceeding 70 nm/min.

Because of desirable electrical, optical, dielectric, ther- focused by a 160-mm-focal length lens. The laser fluence at
mal. and acoustical properties many methods have been the powder pellet was between 0.2 and 4.0 J/cm2 pulse.
tried to produce AIN thin films. Ti.ese include reactive The beam cross section at the pellet had a diameter greater
ion-beam sputtering, 1,2 remote plasma deposition. 3 rf sput- than 2 mm because the intensity of a tightly focused beam
tering,4 5 and organometalic chemical vapor deposition.-8 is so high that it can break the sample pellet and eject small
Each of these methods has disadvantages. For example, particles. The cell was evacuated by a two-stage mechani-
most of them can cause thermal or plasma damage to the cal pump which produced a background pressure of 10-3

substrate or substrate-film interface. A new method de- Tort. All experiments were carried out at room tempera-
signed to avoid thermal degradation. laser-induced chem- ture.
ical vapor deposition (LICVD), has been demonstrated at Growth rates strongly depended on the distance be-
substrate temperatures between 170 and 200 "C.9 Another tween the laser focal point and the substrate. To grow
promising technique is reactive molecular-beam epitaxy for uniform films over a 0.5 cmr2 area the distance had to be at
growing AIN films at room temperature.10  least 2 cm. Typically, best results are obtained when the

This letter reports growth of AIN thin films at room substrate was located 3 cm from the focal point. To avoid
temperature from AIN powder tablets using laser ablation, contamination with powder ejected by the ablation, the
a method that has been used to grow many different types substrate was usually placed to the side of the tablet, al-
of epitaxial films. Ablation from AIN substrates had pre- though it could also be placed above it. The growth rate as
viously been used to grow AIN thin films on sapphire sub- a function of laser fluence at 193 nm is given in Table I.

strates heated to 670 and 500 *C. 1 Film thickness was measured by a depth profilometer.

Laser ablation is particularly well suited to growth of The growth rate increases nonlinearly with a laser flu-

refractory material films. In the last decade there have been ence, indicating that ablation is a multiphoton processes. A

many experimental and theoretical investigations of laser I tam film could be grown within 10 min at fluences above

ablation.' 2 especially for production of high-temperature 4 J/cm2. This is extremely rapid compared to rf sputtering

superconducting films. It appears to be the only method method (4-5 nm/mm) 4 and remote plasma deposition (4

that can transfer complex monolayer structures from ce- nm/mni). Since 400 Hz excimer lasers are available with

ramic targets onto substrates.1 3' 14 Ablation thus appears to comparable fluences, a forty-fold increase in growth rate is

be well suited to the growth of AIN films, possible. Rapid growth is one remarkable advantage of the

AIN films grown by laser ablation should not contain laser ablation method for AIN film growth.

heteroatom impurities as would films grown by CVD,
which are often degraded by carbon and other impurities
originating in organometallic starting materials. Further- Quartz Window Substrate
more. the ablation growth rate has proved to be rapid (73
nm/min).

In this work, AIN powder (Strem Chemicals Inc. 98%
purity) was compressed in a die used to prepare samples
for IR analysis. The die was placed in a hydraulic press
(2.5 ton/cm') and a small tablet, 13 mm in diameter and
2 mm in thickness, was formed. Lens Substrate

Figure 1 is a diagram of the inside of the stainless steel
vacuum chamber used for growth. The tablet was placed Laser Beam -
opposite a quartz window and oriented at 90' to the laser X-Y-Z Stage
beam. The substrate can be placed in any position around Pump
the powder tablet. Films were grown on KBr, SuprasilI
quartz, glass. and GaAs substrates. Irradiation at 248 nm FIG. I. Inside of vacuum chamber for ablation film growth. Subtrtes

can be mounted in any position around the ablation beam. The laser
(KrF) or 193 nm (ArF) was provided by a pulsed, 20 ns fluem ranged between 0.2 and 4 J/cmn per pulse in a cr.m setion of
pulse width. 10 Hz excimer laser. The laser was softly about I mm diam at the target.

2234 AppI. Phys. Lett. 60 (18). 4 May 1992 0003-6951/92/182234-03S03.00 D 1992 American Institute of Physis 2234



TABLE I. Ablation film growth rates. •.

Laser fluence 0J/cm ) 0.3 0.8 2.2

Growth rate (nm/mm) 4.0 12.0 72.5 J0

U0)

CThe films were examined at magnifications up to 1000 ca
by a scanning electron microscope and an optical micro- 0
scope. Films were smooth when grown under the best con-
ditions, but "platelets" and nonuniform growth were ob- < .....
served when the pellet placed close to the laser focus.

Figure 2 shows the IR transmittance spectrum of an 0
AIN film grown on KBr taken using a Perkin-Elmer 190 210 230 250 270 290 310 330
Model 1600 FTIR spectrometer. The broad band between
500 and 900 cm- 1 is due to the phonon modes of AIN: LO Wavelength/nm
at 737 cm-Q TO, at 665 cm-' and TO,. at b30 cm-'.' 5
The strong phonon mode indicates that the composition of FIG. 3. UV absorption snectrum of an AIN film grown on a quartz plate.
The filmistrog m only A e iThe broken line estimates scattering from the sample surface.the film is mainly AIN.

Other weak peaks seen in this spectrum can be as-
signed to water (3300 and 1550 cm-'), CO, (2350 cm -), Fig. 4, where it can be seen that (how a) 2 depends linearly
and air in the spectrometer path and are not from the on Ara in the high energy region. Linear regression analysis
sample. No other peaks were observed. Especially signifi- yields an AIN band gap E, of 6.15 eV, which agrees well
cant is the absence of absorption from any AI-O bond at with that of crystalline AIN (6.2 eV). 7.8 The slow rise in
460 cm - 1.6 The oxygen content of AIN powders is ap- the low energy region above 6 eV is due to either remnant
proximately 1% as A120 3.17 Since A120 3 inclusions are be- diffuse scattering, additional subband-gap absorptions.
low the detection limit, less than 1% of AIN, the laser and/or an impurity.
ablation deposition rate for AIN must be faster than that The resistivity of the deposited material was measured
for AI.,0 3. for a I /.am thick film on a GaAs substrate. Because of the

The UV spectrum of AIN films grown on a Suprasil relatively low resistivity of the substrate it was only possi-
quartz plate was measured by a Cary 2390 (Varian) spec- ble to obtain a lower limit of 109 W/cm for the AIN film.
trophotometer and is shown in Fig. 3. The optical absorp- This cannot be due to Al, it is too high, or to A1,0 3,
tion coefficient, a depends on the photon energy hro and because none is seen in the IR spectrum, thus one con-
the band-gap Eg:1  cludes that the resistivity is consistent with the deposition

of AIN.
a= [A•-E.] 112/14w. (1) An Auger spectrum depth profile was obtained for an

Thus, E can be obtained from the UV spectrum using E. AIN film grown by laser ablation. The major constituents
(1. Hoe, surfae o ihtind s t vetry larging the were Al and N, with no observable 0 atom inclusion. Some(1).Howver suraceligt satteingis ery arg inthe C atoms were seen on the surface, which were attributed to
UV and the real absorption spectrum is difficult to obtain,

reflection losses should also be considered.! In order to handling of the sample.

estimate the band gap of the AIN film and/or additional It has been demonstrated that the optical properties of

subband gaps, the broken line in Fig. 3 was taken as the
scattering baseline. The corrected spectrum is plotted in

04

_0

Zn -- •l -"' :C,)

5 5.2 5.4 5.6 5.8 6 6.2 6.4 6.6 6.8 7
4000 3000 2000 1500 1000 500

WAVENUMBER/cm -1 Energy/eV
FIG. 4. A plot of the square of (absorbance)x(photon energy) as a

FIG. 2. IR transmittance spectrum of a I jum thick AIN film grown on a function of photon energy. This was taken from the UV absorption spec-
KBr plate. trum corrected for surface scattering and reflection.
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Laser-induced chemical vapor deposition of aluminum
from trimet hvialuminum: wavelength and temperature dependence
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Aluminum tilms were produced , r-mnduced chemical vapor deposition (LICVD) from trimethvlalummnum iTMA) using
KrF (248 nm, anda ArF 1193 nm, exci. asers. Film growth was measuredt at suostrate temoeratures oetween 20 and 150T. It is

c-monstrated that the devosition rate is i._verried by the mole traction oz gras priase TMA monomer in the region near the heawdc
.;sccptor. At _248 nm. erowtn irom the monomer was more than seven times as erticient as tnat irom the aimer. UlCVD from

-ronomeric TMA at 2'48 nm was 3.5 times more erhicient than at 193 nm. These exoerimenral results suggest an improved LICV"D
.ietnod for aluminum depiosition and deposition of aluminum containing materials sucn as GaAJAs-

1. Introduction atoms are produced in a secondary reaction of
dimethyl aluminum. Higashi [2]1 showed that the

rrimethylaluminum (TFMNA) is of considerable first excited state of the TMIA was a weakly
industrial importance. and is commonly used as a bound metastable state rather than a directly
precursor tn chemical vapor deposition (CVD) of dissociative one by using lase r-desorption time-of-
aluminum and other materials such as GaAIA~s. flight mass spectroscopy and ab initio molecular
TMA CVD usuailN~nvolves pyrolysis. However. orbital calculations.

" laser induced CVD has been investigated over Gas phase TMA is a dirther at roam tempera-
the last decade [1-41 because it allows growth at ture which dissociates into monomers at higher
lower substrate temperatures and thereby avoids temperatures [8,91. The change in the UV spec-
interdiffusion of heteroatomns [5-71. Since TMAA trum between the dimer and monomer has been
is the simplest commercially available organol- reported by this laboratory [10'. The absorption
metallic CVD aluminum source, studies have spectra shown in fig. I are taken from data in ref.
concentrated on this compound. Photoreaction [101 and remeasurements made by us. One ob-
mechanisms have been intensively discussed (2,31. serves that the monomer, which dominates at
Detachment of methyl radicals appears to be the 1250C, has a strong, short-wavelength absorption
primary photochemical process in TMA photoly- followed by a weak, long-wavelength absorption.
sis as confirmed by Beuermann and Stuke [3]. On the other hand, the dinier. dominant at 25*C.
Using picosecond laser mass spectroscopy they exhibits a strong short-wavelength absorption
discovered that the primary products are excited which does not extend beyond 220 tim. Most
dimethyl and monomethyl aluminum. Aluminum previous LICVD studies of TMA were done at

roam temperature: therefore, the photochemical

Presnt ddrss:CheisalKinew ed"-= reaction must have involved dimhers and not
Present address:i Chasta Krsi oz monomers. Close examination shows that little17 G .1and20899 W&A work has been reported on the monomer deposi-

To whom correspondence shouit be addressed. tion reaction. Further, no study has focused on

X022-0248/93/$0&.00 C 1993 - Elsevier Science Publishers BYV. All rights reserved
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3 - 25-C Monomeri

do C

j --

L3 - 25 C MDimer-

23 -

"" ,3 2 230 250 270 _90

Wavelength, nm
Fig. 1. Absorption cross section in cm- molecuie - rnase e) ior TMA in the 190-300 nm region at vanous temveratures: I'.A is

:rongly dimerizea at 25'1C and has compteceiv dissociated into monomers at 130TC.

differences in aluminum deposition following between 10 and 100 mJ/cm- at 10 Hz. The pulse
photolysis of the monomer or dimer. was monitored by splitting off a known fraction ot

This paper reports on aluminum deposition the beam and directing it to a power meter. The
from TMA at various temperatures following ex- unfocused laser beam passed through a quartz
cimer laser photolysis. Aluminum films deposited window onto the substrate. Roughly 10i laser
at a faster rate at 150'C than at 20"C following shots were used for each experiment.
248 and 193 nm LICVD of TMA. These results The sample substrate attached to the metal
can be explained by reference to the monomer- susceptor &nd heated to temperatures as high as -.X---
dimer equilibrium and a knowledge of the ab- 200*C. The substrate was a 25 mm diameter. I
sorption spectrum of both. LICVD at 248 nm mm thick fused silica plate which is transparent
near a warm substrate is shown to be a superior at 193 and 248 nm to minimize any possible laser
method.

2. Experimental procedure 2 TMA + H2

Fig. 2 is a schematic diagram of the apparatus.
TMA was vaporized by bubbling H, gas at a flow uartz Window Suscentor
rate of 20 mI/min through liquid TMA. TMA-H,
mixtures were introduced into a vacuum chamber
whose base pressure was 10-2 Torr when evacu- Laser Lignt -
ated by a two-stage mechanical pump. The total Substrate
pressure of TMA and H, was about 7 Torr as
monitored by a capacitance manometer, Irradia- Exhaust Vacuum Chamber
tion was provided by a Questek excimer laser.
operated with KrF or ArF. The pulse width was Fig. 2. Schematic diagram of the LICVD chamber for aiu-
about 20 ns and the laser fluence per pulse was minum film growth from TMA.
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heating. Fne temperature was measured by a -uDstrate ,emperature. Phe partial pressure or
:hermocoupie artfLxed directly to the suistrate. -ne TIA was I Torn. l7he tilm produced at :'OC
The thickness or deposited aluminum was deter- .-,as visible to the naked ey, i!,,t w: was tco thin to
mined within - usine a deoth protilemeter. -e measured by the prtnlometer k < 0.05 am).

TMA was ontained commercially trom .-AIfa Below 1 0°C the thickness rises in proportion to
Products with a stated purity of 99.999% on a "he temperature. Above iS30C saturation occurs.
metal basis telectronic grade). No detectable im- No aluminum deposition was observed in the
purities were observed in the IR ano UV spectra. -ibsence ot laser irradiation even at 150 0C. The
The sample was used without further purifica- .rtinate on the right side of the figure gives the
tion. moie fraction of monomer present at vanous

pressures.
The 193 nm laser quickly deposited aluminum

3. Results on the inside surface of the cell window. attenuat-
:ne tne laser iizht before it reached the substrate.

Aluminum films were produced by LICVD To avoid this. additional hydrogen was injected
'rom rMA at various temperatures oetween :0 ,round the window. Nevertheless. alumunum
and 150°C following KrF (248 nm) and ArF (193 zrowth on the suostrate following 193 nm irradia-
.-m) irradiation. Auger electron spectra were :-on was small, below 0.1 am. The reproducibility
measured for samples deposited at 150°C at 193 ,f film growth at 193 nm was also poor. Both of
mnd 248 nm. Ar ion sputtenng was used to re- :nese etfects can be explained by the absorption
move any surface contamination. The films con- of light in the vacuum chamber. At 193 rnm. light
,am 95% Al. 4% 0. and < 1% C. No difference is absorbed near the window of the reaction
,vas observed in atormc concentration or the tilms cnamber as described above, and in the volume
produced by 193 and 248 nm excitation, between the window and the substrate.

Fie. 3 shows the thickness of aluminum films In order to compare growth of the monomer
grown by 248 nm KrF LICVD as a function of and dimer at 193 and 248 nm. films were grown

060

1 8

E -

S0 -- 6 0_a)

E 04- 0'

-0,3 torr
aJ) _ 1.0 torr

- 0
0 02 -- 1-5torr 3

-02 Mf
-- -- 8.5 torr -

00 -0-
10 50 90 130 170 210

Temperature / T
Fig,. 3. The leit ordinate and the data points show the thickness of aluminum films produced from LUCVD of TMA using 248 nm

laser irradiation as a function of substrate temperature. The right ordinaie and the lines snow the mole percent of monomer as a

function ot substrate temperature and pressure.
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Atble 1 4. Discussion
7,eiatve Quantum iews ot Al tiurs ,rown ov LICYD

,Vave- ",:ite moer- Depo- , Relative The experimental -esuits in rii..3" can be ex-
,ngmD ."Ce tion i:0 ,uantum piained by retc;rnce -o me ecuiiibrium between
nm) rate mole- reid -he TMA dimer and the monomer and the pno-

mrn/ wes toabsorption profiles. 1he degree of dissociation
of TMA dimer into monomer. a. is given by [8,9]

.43 '.onoomer .0:0 .200 SiC :.A0
Dimer _-2 -0o :10 j.34 K[ ( K 4P/ 76I 01_48 '.1onomer 2J _, !0 j 150
Dmer f 2 - 1 0.50where the equilibrium constant K. :s (111

log,, K:(atm) = .4395 - cat57.9: T. (2)

P,., the vapor pressure ot TMA. is [81

logo P,,,,(Torr) = -110 +"•.I;1. 13

on the inside ot the vacuum cell window. Growth and T is the absolute temperature. The fraction
:rom the monomer was carried out by warming of monomer caiculatea using eas. (1) and (2)
,he outside ot the window with a heat gun. A depends on the temperature and the partial pres-
:hermocoupie, ittached to the inside of the win- sure of TMA in the ceil. In rig. 3. one sees that
jow ensurea that the window surface was hot more monomer is formed as the temperature
enough to promote the formation of TM.A increases or the TMA partial pressure decreases.
monomers in the cell. Results are summarized in The partial pressure ot TMA in the reaction
table 1. Yields were normalized for the number chamber during film growth was about I Torr. At
of photons absorbed using the cross-sections of 20"C and I Torr. TMA is substantially dimenzed:
Okabe. Emadi-Babaki and McCrary I10]. The rel- however, the monomer is dominant at 150"C.
ative quantum yield refers to the film thickness The temperature distribution in the reaction
tor an equivalent number of laser shots at 5 chamber was not homogeneous because of the
mJ /cm- , pulse and 10 Hz. The yield for the 193 flow of gas, as shown in fig. 2. Only gas near the
monomer is arbitrarily taken as the reference. substrate was warmed by the heater. The rest

Any Al deposited on the window attenuates remained at room temperature. That is, if the
the laser light. Therefore, the deposition rate at substrate is maintained at 150TC. only the TMA
any point in the process would depend to some molecules near the substrate were heated and
extent on the thickness deposited previously. In dissociated into the monomer. The rest remained
this set of experiments, where growth was ob- as dirters.
served, the growth continued until the thickness Fig. 3 shows that aluminum deposition at 248
of aluminum deposited reached about 0.3 Mim. In nm correlates with the mole fraction of monomer
any case. this error underestimates the relative near the substrate. This. however, does not nec-
yield of deposition at the most efficient wave- essarily mean that the reactivity of dimer is low
lengths and temperatures and overestimates the The ,wonorn1CL abb.,pliun at 248 nm is 0.8 x 10- "
yield when the efficiency is low. cm- 2 molecule-' and that ot the dimer is 0.1 x

Growth from dimers is seen to be less efficient I0-18 cm-2 molecule-' [101. According to eq.
both at 193 and at 248 nm. At 248 nm, the film (1), the mole fractions of monomer at 20"C and
was actually too thin to measure with the pro- 150"C are 2% and 97%. respectively, at 1.5 Torr.
filemeter. The relative yield for growth from the If. at 248 nm. the dimer and monomer aluminum
dimer would thus be an upper limit. On a per deposition efficiencies were equal. the ratio of
photon absorbed basis, growth from the monomer film thickness produced would be I to 8. the ratio
at 248 is 3.5 times as efficient as that at 193 nm. of the absorption cross section of the dimer and
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the monomer. The onserved value is. however, at a1 tone pair p orbital locateo c~rediominantiv on i
:east I to 15. as ýceen in tig. 3. .knere tne instru- carbon atom. These transitions are lorbiaden anu
mentai limit or 11M15 am nas oeen assumed as the :hereiore weak.
thickness tor roie :lims uepositea at .'OoC. Refer- Both the dirter ana the monomer have strone
riniz to table 1. leower limit to this etficiency Rvdberiz bands at 193 nm. Deposition from Gimers
-atio is 1: 7 .%hen me different ansorption coetfi- !s innerentiv less efficient because or the neces-
cients are taken into account. .itv of breaking the additionai dimer ooncs to

The difference between the photochemical Corm aluminum. The weak dimer absorption at
processes involving aimer and monomer can be 248 nm is in the tail of the Rvdberiz aosorpriton
discussed in terms ot their eiectronic structure. and of the same nature as the dirner absorption
Beuermann and Stuke [31 reported that the main at 193 nm.
products of low pressure monomer photolvsis at These experimental results show that the reac-
248 nm were aluminum atoms. They sugagested nion path from a, is more effective thin that from
the following mecnanisms tor monomer photolv- the Rydberg states for aluminum CeDosntion by
sis in the UV regzion 190-30)0 nm): LIGVD from TMA.

Not only LIGVD. but all light activated CVDAI(CH4, - h'- AI(CH~i C (H_ (A).shraco ontprocesses shr omndisadvantage.Iti
.- I(CH,) ý-k l C,- CIli. i B). difficult to concentrate the reactive chemnicai

.AI(CH,), f- .t -p ACH, -2CRH. C). species around the substrate in order to achieve
rapid film growth because mucn of the incident

where AI(CH, )' is a metastable radical. Their iight does not reach the region near the substrate.
data showed that process (C) was the main chan- but is absorbed by molecules ly ýing between the
nel below 210 nim and process i.A) followed by substrate and the window. For example. if one
process (B) was dominant above 230 nm. There- reduced the partial ThIA pressure in order to
fore. aluminum atoms are the end product or increase the light flux at the substrate. the num-
monomer photolysis at 248 om. which would sug- ber of TIMA molecules near the substrate. and
gest that aluminum deposition from the monomer therefore the efficiency of Al production. would
by photolysis at 248 nm is effective. Motooka et decrease proportionally. Even if the pressure was
al. [1] studied dimer photolysis at 193 and 248 nm reduced, the TIMA would absorb throughout the
and suggested that the photoexcited dimer re- laser path, not only near the substrate. In the
acted by separating into the monomer. Therefore. method demonstrated here. the substrate was
dixner photolysis would not be as effective as heated to 130*C and illuminated with 248 nm
monomer photolysis. because aluminum genera- light. Because TMA is almost completely dimer-
tion from the dimer requires absorption of an ized except near the substrate, the 248 nm light
additional photon to produce an aluminum atom. was not absorbed in the middle of the cell. Only
Both of these reports support the results pre- the monomeric TMA near the heated substrate
sented here. absorbed 248 nim light. T~his produced aluminum

The dlirter forms when two methyl groups, one atomns only in the neighborhood of the substrate.
from each TMIA monomer, are shared between where they effectively formed a film. Fuzrther-
the two aluminum atoms forming a bridge struc- more, the yield of aluminum per 248 nm photon
ture. The overall symmetry is C,~. The monomer absorbed by the monomer is substantially higher
is planar with D,ý ymty The monomer ab- than that from the dimer and higher than that
sorption above 210 nm was taken as an e' to a.~ formed from the monomer at 193 nm. Thus 248
or a',. to a,' transition by Okabe et al. [10]. The nm photolysis of TMA near a warm substrate is a
e'. a. and a_,. ref .er respectively to a degenerate superior LICVD method for aluminum film
p orbital of the aluminum and carbon atoms. an growth at relatively low temperatures (100 < T <
unoccupied p. orbital of the aluminum atom, and 15(mC).
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